Abstract-The utility of slotted waveguide antennas would be maximized if the bandwidth of the radiating elements matched that available in the waveguide. This was achieved using a spiral shaped slot cut through the broad-wall of a rectangular waveguide. The predicted total efficiency and peak realized gain were relatively uniform across the entire bandwidth. The current distribution around the slot was predicted to be similar to that around a conventional, center fed, slot spiral antenna, indicating similarity of radiation mechanisms. Finally, the antenna patterns for spiral shaped slots in waveguides manufactured from copper and carbon fibre reinforced polymer (CFRP) were shown to be similar to that predicted.
INTRODUCTION
Antennas are critical in many modern vehicles because they transition radiofrequency (RF) waves between internal systems and free space. The traditional approach to install antennas on vehicles is to fasten each as a separate unit to the exterior or under a radome. This (i) degrades vehicle performance (speed, range, endurance and payload) because of redundant weight and volume, and (ii) constrains antenna size and location because of signal masking and RF/physical interference with other systems.
Conformal Load-bearing Antenna Structure (CLAS) overcomes these limitations by integrating antennas into the vehicle structure. CLAS also allows the (i) individual antenna elements to be larger, thereby allowing operation at different frequencies and thus enhancing sensing capabilities, and (ii) antenna arrays to be longer thereby creating narrower beams that enable precision sensing, secure communications and satellite communications [1] .
One type of antennas used for radar and satellite communications in the aerospace and aviation industry is the Slotted Waveguide Antenna (SWA). SWAs date back to World War II and were popular from the 1940s to the 1970s because of their simplicity, high power handling capacity and relatively low profile. A comprehensive review of SWAs is given in [2] . The electrical and mechanical requirements of SWAs for radar applications are summarized in [3] .
SWAs may operate in standing or travelling wave mode and the slots used are called resonant or non-resonant slots, respectively. Most SWAs are resonant where an electrical short at the end of the waveguide reflects the incoming RF to create a standing wave within the waveguide. The slots are approximately half a wavelength long and centered under the peaks in the standing wave. These antennas are very narrow-band, with band-widths in the order of 3%. The travelling wave mode enables broad-band behaviour. This mode is created by placing an absorber at the far end of the waveguide, which prevents the formation of a standing wave. In travelling wave antennas the slot sizes and locations are fixed, which results in the beam direction varying with frequency, a phenomenon called frequency scanning [4] .
SWAs are traditionally manufactured from metals such as copper, brass or aluminium. For weight critical applications such as satellite antennas, SWAs have been manufactured from CFRP. In 1980, a narrowband slotted waveguide array antenna was developed by the European Space Agency for a satellite based Synthetic Aperture Radar (SAR) [5] .
One form of CLAS, known as Slotted Waveguide Antenna Stiffened Structure (SWASS), integrates Slotted Waveguide Antennas (SWAs) into the load-bearing vehicle structure (see Figure 1) . In SWASS the blade stiffeners in sandwich panels or top-hat stiffeners on skins serve the dual purpose of providing both structural stiffening and serving as RF waveguides. SWAs are produced by cutting slots through the outer skin and into the waveguides. Finally, these slots are filled with a RF transparent dielectric to restore the outer mould line.
The SWASS concept was introduced in [1] and methods of manufacture are described in [6, 7] . It was shown that SWASS antennas could be manufactured from aerospace grade Carbon Fibre Reinforced Polymer (CFRP). The characteristics of SWAs made from CFRP operating at X-band were compared with those manufactured from (b) (a) Figure 1 . SWASS panel concept (b) developed by the integration of slotted waveguide antennas into the hat stiffener aircraft panel (a) [9] . aluminium and copper in [8, 9] . The antenna patterns were similar in shape to those from metallic SWAs but gain was lower because of the ohmic loss in the composite.
The utility of a SWASS antenna would be maximised if the slots operate across the entire bandwidth that is available in the waveguide. This is in the order of 40% for rigid rectangular waveguides. For example WR-90 waveguides operate, in the fundamental Transverse Electric, TE 10 , mode from 8.2-12.4 GHz. Spiral antennas are well known for their wideband characteristics and have been used since the 1950s [10] [11] [12] . They can easily cover a 40% bandwidth and, if they could be incorporated into SWASS, would allow the full bandwidth available in the waveguide to be exploited. However, traditional spiral antennas cannot be used for SWASS application because they require a cavity behind the radiating element and they need to be mounted on the surface of the airplane. They also require a balanced feed at the center of each element of an array which makes their application in SWASS impossible.
One way to integrate the spiral antenna into the SWASS concept is to cut spiral slots on the broad wall of rectangular waveguides where spiral slots are part of a SWA array. In this case, the spiral slots act similar to rectangular slots cut on the broad wall of the waveguide and they need to be studied as elements of a SWA array rather than standalone traditional spiral antennas. Spiral configuration of rectangular slots [13, 14] cannot be used for SWASS where hat stiffeners in the airplane skin operate as rectangular waveguides not radial waveguides. A continuous spiral slot has not yet been used as an element of rectangular SWA arrays. Different slot shapes have been proposed recently for SWA array application. For example, an inclined semi-circular slot cut in the narrow wall of a rectangular waveguide was proposed for X-band arrays [15] ; however, this antenna is narrowband. In [16] a travellingwave sinusoidal SWA was applied to the short-wall of a waveguide and proposed for operation in the Ka-band. However, a slot shape that can be cut on the broad wall of a rectangular waveguide and be integrated into hat stiffener panels and provide full X-band coverage has not yet been reported in the literature.
In this paper, we show that a spiral slot cut into the broad wall of a WR-90 rectangular waveguide acts as a broad-band travelling wave radiator. This slot shape covers almost the entire X-band and can be easily integrated into SWASS panels as an element of an array. The novel integration of spiral slots in rectangular waveguides is a new solution for the limited bandwidth of SWASS and as far as the authors are aware, this has hitherto not been reported in the publicly available literature. The surface current distribution of this slot at three different frequencies was simulated and compared with that in a conventional slot spiral antenna to explain its broad-band characteristics. The total electrical efficiency and peak realized gain of this slot were compared with those of a rectangular slot which is the current slot shape used in SWASS. The gain patterns from an optimised spiral shape slot were simulated and confirmed by measurement.
SPIRAL SHAPED SLOTTED WAVEGUIDE ANTENNA

Design
The spiral shaped slot was designed to be incorporated into the broadwall of WR-90 rigid rectangular waveguides and operate across the X-band (8-12 GHz). The internal cross-sectional dimensions of WR-90 waveguides are 22.86 mm × 10.16 mm, which is of the same order as hat stiffeners on skins or face-sheet separation in CFRP aircraft structures [1] . Previous SWASS development has been conducted on CFRP waveguides with the same internal cross-section [7] [8] [9] .
The slot shape selected was a self-complementary, two-slot, equiangular spiral. The ends of the spiral slots were terminated with a semi-circle in order to minimise the stress concentration [17] . Slots were simulated using the HFSS TM (version 14.0) software. A parametric study was performed to determine the slot geometry that would radiate over the entire X-band. The optimized design parameters are shown in Table 1 . A traditional longitudinal, broad-wall, rectangular slot was used for comparison. This slot was designed to resonate at 10 GHz but it would be operated in travelling wave mode for this work. It was 15.00 mm long by 2.00 mm wide. The slot ends were rounded with 1.00 mm radius and slot offset from the broad wall's centerline was 6.50 mm. The waveguide wall thickness was 1.27 mm for both slot antennas, which matches that of a standard metal WR-90 waveguide.
Surface Current Distribution
Slot antennas radiate as a result of time varying currents around the periphery of the slot. The currents around slots in waveguide walls will be induced by the RF waves propagating within the waveguide. These waves sweep across the slot, radial at the leading and trailing edges and tangential at the lateral tips. This contrasts with conventional, center-fed, slot spirals where the RF wave is launched at the center and it sweeps outward along the spiral.
In order to explain the broad-band performance of the proposed spiral shaped slot the surface current distribution needs to be studied. For such a study, the surface current distribution of a conventional center-fed spiral slot antenna was also simulated and presented here. A schematic showing the two feed configurations is shown in Figure 2 . First, the spiral slot cut into the broad wall of a waveguide was simulated by enabling Wave Ports 1 and 2 (operating at the TE 10 mode) and disabling the Lumped Port. This feeding mechanism was used for the Figures 4 to 19 . Then a more conventional spiral slot feeding was simulated by enabling the Lumped Port (with the dominant mode of operation) and the two Wave Ports. Both simulations were conducted using the same model geometry (a spiral shaped slot in a waveguide) in order to allow direct comparison of the Figure 2 . A schematic of the two feeding configurations used to predict surface current distribution around the spiral shaped slot on the broad wall of a rectangular waveguide. Figure 3 . Surface current distribution for conventional center-fed spiral at (a) 9 GHz, (b) 10 GHz, and (c) 11 GHz, and waveguide-fed spiral shaped slot at (d) 9 GHz, (e) 10 GHz, and (f) 11 GHz.
results.
The simulated surface current distribution for the two different methods of feeding at 9, 10 and 11 GHz are shown in Figure 3 . It is apparent that, regardless of the feed, the surface currents were sinusoidal along the length of the spiral arms and in opposite directions on opposing slot faces. In addition the locations of peak current rotated clockwise along the slot arms as frequency increased. The relative position and magnitude of these peaks were different for the two types of feed. At 9 GHz the current pattern on the upper slot arms were very similar for both of the feeding methods (Figures 3(a) and (d) ); whilst at 11 GHz the pattern on the lower arms was almost identical (Figures 3(c) and (f) ). This similarity in the pattern is true for both arms at 10 GHz (Figures 3(b) and (e)).
The similarity in the surface current distribution of the conventional fed spiral and the spiral slot on the waveguide in at least one arm explains why the later shows broad-band characteristics. In addition, the phase different between the second arms of the spiral slot and the conventional fed spiral explains why it has elliptical polarisation rather than circular polarisation expected from the spiral shape.
Efficiency and Realized Gain
It is intended that the spiral shaped slot antenna developed in this work would replace rectangular resonant slots. The antenna performance of these two antenna types were therefore predicted and compared. The predicted total efficiency (radiated power divided by the input power) is shown in Figure 4 . Here, the total efficiency is used instead of the radiation efficiency to account for the power transmitted to the second port of the waveguide. This shows what percentage of the power incident to the first port of the waveguide is radiated by the spiral shaped slot and what percentage of the power is left for other elements of the SWA array. The behavior of the rectangular slot is characteristic of resonant antennas. Efficiency is high at resonance and low elsewhere. In contrast the total efficiency of the spiral shaped slot was moderate, with variation of only 8%, across the X-band. This is consistent with the predicted peak realized gain shown in Figure 5 . The realized gain was shown instead of gain in order to account for the power transmitted to the second port of the waveguide. The bandwidth of the conventional rectangular slot based on its realized gain and total efficiency is narrow whilst for the spiral shaped slot the peak realized gain is relatively uniform across the entire Xband. Figure 4 . The predicted total efficiency for a rectangular slot resonating at 10 GHz and the spiral slot on the waveguide broad-wall. Figure 5 . The predicted peak realized gain for a rectangular slot resonating at 10 GHz and the spiral slot on the waveguide broad-wall.
EXPERIMENTAL VALIDATION
Waveguides were manufactured, spiral antennas cut and RF performance measured in order to validate the simulations described in the previous sections. Figure 6 shows spiral shaped slot radiators machined into waveguides manufactured from copper and CFRP. The CFRP was aerospace grade Cytec IM7/977-3 unidirectional prepreg tape with a [0 90]s ply stacking sequence. The autoclave cured waveguides had a wall thickness of 0.5 mm.
The simulated and measured scattering parameters |S 11 | and |S 21 |) are shown in Figure 7 . |S 11 | was below −10 dB from 8.5-12.0 GHz indicating coverage of almost the entire X-band. There was excellent agreement between the simulated and measured S-parameters for the copper waveguide. The difference in S-parameters between the CFRP and copper waveguides are due to the insertion loss in the CFRP which is well described in [8, [18] [19] [20] . This resulted in the |S 21 | for the spiral shaped SWA in CFRP to be approximately 1 dB lower than that in the metallic waveguide throughout the band.
The radiation pattern of the manufactured antennas was measured in an anechoic chamber. One end of the waveguide was connected to a SMA-to-waveguide adapter (HP R X281A TM ) and the far-end of the waveguide connected to a waveguide termination (NSN: 5985-99-527-1086). This produced a travelling wave in the waveguide. Both the adapter and the termination were covered with absorber material to minimise ripples in the radiation pattern arising from inadvertent reflections from these items.
The simulated and measured realized gain patterns on the E-plane (Φ = 90 • ) and H-plane (Φ = 0 • ), for H-H and V -V polarisations, at 9, 10 and 11 GHz, are shown in Figures 8 to 19 . The patterns that are shown for these three frequencies show the frequency scanning, although maximum gain is generally close to the broadside direction (Φ = θ = 0 • ). For horizontal polarisation the main beam scanned with frequency from approximately −30 • at 9 GHz (Figures 8 and  10 ) to approximately 0 • at 11 GHz (Figures 16 and 18 ). For vertical 19 it is apparent that the spiral slot shows elliptical polarisation. The axial ratio of the antenna is about 10 dB across the entire frequency band which is caused by the phase difference in the spiral arms. This behaviour makes the antenna suitable for applications such as meteorological radar [21, 22] , or applications where polarization purity is not a concern.
The measured results were generally in good agreement with simulations. Differences between measured and simulated realized gain for the copper waveguides are attributed to the approximately (i) 0.5 dB accuracy of measurement in the anechoic chamber, (ii) 0.5 dB loss in the SMA-to-waveguide adapter, (iii) non-ideal travelling wave condition resulted from the non-ideal waveguide termination, and (iv) slot machining tolerances. For the CFRP spiral shaped SWA, the measured pattern was also influenced by the loss in the waveguide walls and anisotropic properties of the CFRP. 
CONCLUSION
Spiral shaped slots cut through the broad-wall of a WR-90 rectangular waveguide can be designed to radiate over almost the entire X-band. The surface currents around these slots are predicted to be similar to those around conventional, center-fed, spiral slot antennas. The total efficiency and peak realized gain of the spiral shaped slot are predicted to be approximately uniform across the band, in contrast to the resonance that is characteristic of conventional rectangular slots. The total efficiency of the spiral shaped slot was about 20%, with variation of only 8%, across the X-band. The antenna realized gain has ±2 dB variation across the X-band showing a superior flat gain response compared to resonant slots. This efficiency and gain performance is suitable for SWA array applications.
The scattering parameters and antenna patterns of antennas manufactured from copper and aerospace grade carbon fibre reinforced polymer were measured and shown to match the predictions. The −10 dB impedance bandwidth of this antenna is 35%, indicating coverage of almost the entire X-band range. The proposed spiral shaped slot possesses elliptical polarisation. This broad-band element is expected to enable broad-band conformal load-bearing antenna structures such as Slotted Waveguide Antenna Stiffened Structure. 
